ABSTRACT Finite-element analysis (FEA) is one of the most significant tools in the designing and analyzing of electrical machines, which mainly includes the transient-magnetic (TM), magnet-static (MS) and time-harmonic (TH) solutions. The transient-magnetic (TM) solution in FEA is capable of considering both the harmonic effects and eddy-current effects accurately, which makes it suitable for the induction machine (IM) simulation. However, the drawback of the TM FEA for the IM modelling is that it takes some time before reaching the steady state because of the longer numerical transient, which is affected by the inherent electromagnetic time constants of the IM directly. In this paper, a new approach is proposed to reduce the duration of the numerical transient of the IM in the time-stepping FEA so that the steady state can be achieved in a short time. The proposed approach is capable of creating an initial condition close to the final steady state for the simulation by eliminating or reducing the stator and rotor electromagnetic time constants separately. The stator electromagnetic time constant is eliminated by an initial current excitation (obtained by the TH solution or the analytical method) and the rotor electromagnetic time constant is reduced by a locked rotor model at the beginning of the simulation. Then the initial current excitation is switched to a voltage excitation and the locked rotor is turned to the rotating state at proper time. Finally, the proposed approach is tested and proved efficient to reduce the transients by two typical cases (a solid-rotor IM and a squirrel-cage IM) with 2D FEA. 
I. INTRODUCTION
Finite-element analysis (FEA) has become very helpful and popular in the modelling of electrical machines in both academia and industry, owing to the rapid development of the modelling technologies and computational abilities, which makes the design and optimization of different types of electrical machines much more convenient than ever before [1] - [7] . Typically, there are mainly three types of solutions available for the electrical machine analysis in FEA: the magnet-static (MS) solution, time-harmonic (TH) solution and transient-magnetic (TM) solution [8] - [10] .
The associate editor coordinating the review of this article and approving it for publication was Xiaodong Sun. Different solutions are suitable for different kinds of problems. MS solution is valid for applications where the eddy-current effects (e.g. rotor induced eddy currents or permanent magnet induced eddy currents) are ignored, which can be used to analyze permanent magnet synchronous machines (PMSMs) related problems without considering eddy-current losses in the permanent magnets. The TH solution is very efficient and capable of taking the eddy-current effects into account, which makes it suitable for the induction machine (IM) simulation. But the drawback for the TH solution is that neither the space nor time harmonics (e.g. winding harmonics or supply harmonics) can be modelled accurately. The TM solution is the most precise one and is suitable for all types of machines. However, sometimes it VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ takes several supply periods to reach the steady state. This numerical transient in some cases, e.g. in IM simulations, is very long because of the strong rotor eddy-current effects and very high rotor electromagnetic time constants. The strong induced eddy currents do not frequently appear in other types of machines, and therefore, the focus of this paper is on IMs only. In most cases, the steady-state performance of the machine is the topic of primary interest. Therefore, reducing the numerical transient or simulation time for IMs is an important issue, especially in 3D simulations, parametric optimization and similar processes. Basically, there are mainly two approaches available to reduce the physical simulation time. One approach is to take full advantage of the computational sources of the computers, such as the parallel computation and distributed computation. These functions are available for most of the well-known commercial packages for the electrical machine design e.g. Altair Flux, ANSYS Maxwell, JMAG and even some open source packages e.g. Elmer, GetDDM [11] - [15] . The time decomposition method (TDM) is another effective option for parallel computation realized by simulating several time steps in parallel and this function is already available in ANSYS Maxwell [16] . The key benefit of these approaches is that they are universal methods and valid for all the solutions instead of the a specific solution. The advantage is that the numerical transient remains the same as the traditional solution and only the simulation time is significantly reduced. The drawback of this approach is that it highly depends on the computer performance, it is sometimes efficient only when a workstation or a supercomputer is employed (e.g. 3D IM TM solutions), which means that this method calls for considerable hardware investments.
The other approach aims at shortening the numerical transient, which is actually based on the machine time constants and achieved by modifying the model in the simulation. The alternating flux (AF) linkage model is one of the effective approaches to reduce the transient [17] . The idea of this method is to eliminate the DC flux linkage during the transient by exciting the machine with an extra voltage. This has proved to be efficient for the simulation of transformers and synchronous generators [18] . The phase balancing (PB) method is yet another option to quickly reach a steady state by mitigating the DC currents in each step during the transient, which is very suitable for the brushless DC machine and synchronous machine [19] , [20] . However, these two methods are not valid for cases, in which induced eddy currents are involved. The model order reduction (MOR) technique is capable of considering the eddy-current effects with the advantage of a low computing capacity and a quick transient [21] - [23] . The main drawback is, however, that the MOR is not suitable for applications where a high precision is required especially for the magnetic field distribution.
The use of appropriate initial values (for initialization of the TM solution) is one of the possible methods to shorten the numerical transient emersed in the TM solution during the IM simulation [24] , [25] . This approach is suitable for eddy-current issues in IMs and the computing speed is highly depended on the initial conditions including currents, voltages, and even magnetic field distributions. Therefore, it is always recommended to use the TH solution to achieve the initial conditions for the TM solution. However, according to the classical theory, only the linear material with constant permeability can typically be used in a TH solution, because both the excitation and the response have to be sinusoidal in that case. The permeability has to be linearized to the operating point on the B-H curve, and a compromise has to be made because different parts of the machine operate at different flux densities. Thus, saturation cannot be considered accurately, and the field distributions are not precise enough either.
At present, the nonlinear B-H property of the magnetic core can be partly considered in TH solutions of some packages e.g. Altair Flux, ANSYS Maxwell, JMAG, and FEMM, by an equivalent curve based on the energetic equivalence method [26] - [28] . By applying this method, accurate scalar values (e.g. currents and torques) can be obtained from the TH solution. For example, the three-phase average line currents (RMS values) given by the TH and TM solutions are 2716 A and 2717 A, respectively, at per-unit slip s = 0.005 for a 660 V, 2-pole, 2 MW, 12000 r/min high-speed IM with a solid rotor as reported in [29] . Nevertheless, in steady state the magnetic field distribution given by the TH solution is still far from that given by the TM solution. Fig. 1 shows the flux density distributions of the high-speed IM solved by both TH and TM solvers. It can be seen in this figure that the flux density distributions on the stator side are quite similar in both cases. However, the flux density distributions on the rotor side are very different, even though the equivalent B-H curves are used when modelling the machine in the TH solver. This implies that there is sometimes still a very long transient for the TM solution initialized from the TH solution, especially in case of a long rotor electromagnetic time constant. In this paper, a new approach is proposed to shorten the time taken by the numerical transient of IMs in time-stepping FEA with the TM solver. Because the long transient for IMs is mainly caused by the stator winding inductance effects (related to the stator electromagnetic time constant) and rotor eddy-current effects (related to the rotor electromagnetic time constant). The proposed method is implemented by reducing both the stator and rotor electromagnetic time constants in the TM solution. The stator electromagnetic time constant is totally eliminated by using current excitation, and the rotor time constant is significantly reduced by the locked rotor model [18] . The current excitation is switched to a voltage excitation and the machine is also switched from a locked rotor state to a rotating state at appropriate time. The method is discussed in details and tested by solving two IM models (a solid-rotor IM with relatively strong rotor eddy-current effects and a squirrel-cage IM with relatively weak rotor eddy-current effects) in this paper. The error analysis in the last section also shows that the proposed method has a good tolerance of the errors caused by the initial values.
II. DESCRIPTION AND IMPLEMENTATION OF THE PROPOSED APPROACH A. OVERVIEW OF THE TRADITIONAL TM SOLUTION FOR IMs
For IMs, the numerical transient of a TM solution in time-stepping FEA is highly affected by the time constants of the whole system. There are two main time constants viz. the rotor mechanical time constant and the electromagnetic time constant. The rotor mechanical time constant can be easily eliminated by setting an imposed speed for the rotor, which means that the rotor speed is always a constant during the transient and no mechanical transient is allowed. The mechanical transient is not discussed in detail because it is more related to the mechanical issue and an imposed rotor speed is also used in the simulations.
The electromagnetic time constants can be divided into two components containing the stator electromagnetic time constant and the rotor time constant, which are directly related to the stator and rotor inductances. Table 1 gives the equivalent circuit parameters of the high-speed solid-rotor IM, which is mentioned in the Introduction and will be further discussed as an example when reducing the numerical transient in this paper. According to the table, both the stator and rotor could have long electromagnetic time constants, because the resistances are relatively small. The stator and rotor inductances are L m + L sσ and L m + L rσ , respectively. Large inductances and small resistances cause a very long numerical transient. This phenomenon is proven and mitigated by the proposed approach. The time step used in the FEA is 5×10 −5 s, which is 1/100th of one electrical period. It can be seen in the figure that the instantaneous torque contains some ripple, and therefore it is difficult to evaluate the steady state accurately based on it. Consequently, a value for the average torque is proposed in the figure. It is defined as the average torque of the last 100 steps (one electrical period) at a certain time. Finally, the machine reaches the steady state at 0.6339 s, which takes 12678 steps and it is about 38 h simulated by Altair Flux on a workstation (Intel Xeon W-2135 CPU @ 3.70 GHz and 256 GB RAM). The simulation time is very long, which is sometimes not acceptable, especially in the multiparameter optimization.
B. IMPLEMENTATION OF THE PROPOSED APPROACH
The main idea of the proposed method to reduce the simulation time of an IM is implemented by reducing the inherent electromagnetic time constants of the machine. Traditionally, the IM torque can be calculated in FEA by using a non-rotating rotor with modified parameters by both TH and TM solutions. The real rotor phase current (described by the classical equivalent circuit, and thus, modelling only the fundamental behavior) and time constant in the following equations are I r1 and τ r1 , respectively. When the locked rotor calculation is used to analyze a running rotor torque, the rotor resistance R r has to be increased to R r /s with s being the per-unit slip at which the torque is wanted to be calculated. In this case, the rotor phase current and rotor time constant are modified and become I r2 and τ r2 [18] 
where E 2 is the rotor equivalent voltage and ω = 2πf , f is the supply frequency. In the locked rotor rated-torque calculation the ratio of inductive and resistive parts in the rotor impedance can be regarded the same as shown in (2) . The main difference is that the rotor frequency has been referred to the stator frequency, e.g. from sE 2 in the real running rotor state to E 2 in the locked rotor state as described in (1) . As a result, the rotor electromagnetic time constant is substantially reduced because it is multiplied by s as described in (2) . The more specific details has been explained in [18] . According to Table 1 , the rotor electromagnetic time constant is rather long. However, (2) indicates that the locked rotor model with modified rotor parameters will significantly reduce the rotor electromagnetic time (to sth share). To apply the same approach to a solid-rotor IM simulation, the rotor speed n r = n 0 (1−s) where n 0 is the synchronous speed, has to be set to zero (n r = 0). In addition, to get a correct torque for a rotor running at slip s (e.g. s = 0.005), the rotor conductivity σ has to be reduced to sσ . Furthermore, if the machine is equipped with an end ring, the end ring resistance R ring has to be increased to R ring /s. A virtual permanent magnet harmonic machine (VPMHM) model described in [29] , [30] is used to comfirm the validity of (2). The main idea of the VPMHM model is to replace a stator of the IM with a purely sinusoidal magnetic source in the air gap to excite the machine (the rotor). As a result, the rotor electromagnetic characteristics can be extracted separately and a numerical transient will be caused only by the rotor when the VPMHM model is used. Fig. 3 illustrates the high-speed IM locked rotor simulation conducted by applying the VPMHM model with only fundamental excitation. In Fig. 3(a) , it can be seen that the locked rotor model is capable of creating almost the same flux density distribution in the rotor area compared with Fig. 1(b) . Fig. 3(b) shows that the locked rotor model reaches the steady state very fast at 0.0019 s (38 steps). This phenomenon proves that the locked rotor model is valid for reducing the rotor electromagnetic time constant. Fig. 4 shows the locked-rotor rated-torque simulation results during the transient (correspond to Fig. 1 , but the rotor is locked) with voltage source excitation. This figure illustrates that there is still a long transient in the simulation and both the currents and torque reach the steady state at about 0.24 s. This long transient is caused by the stator electromagnetic time constant, because the rotor electromagnetic time constant is almost eliminated by the locked rotor model, which has already been shown by Fig. 3 . Moreover, the data in Table 1 also indicate that the stator electromagnetic time constant is quite long.
To further shorten the time taken by the numerical transient, the stator electromagnetic time constant has to be reduced or eliminated by some methods. It can be seen in Fig. 4(a) , if voltage source excitation is used (which appears frequently for an IM simulation), a long transient will show in the current curves, which will further affect the torque transient. Therefore, one potential method is to use a current source excitation with the locked rotor model. It is According to the analysis in the previous paragraph, it evident that it is essential to use the current source model when accelerating the transient. However, in typical industrial applications, machines are more frequently driven with a voltage source than with a current source. The proposed method is still capable of simulating the voltage-driven cases because the current source in parallel with a resistor is equivalent to the voltage source in series with a corresponding resistor value. The procedure of implementing the proposed approach is described in detail Fig. 5 . It can be seen in this figure that at the very beginning, the initial currents can be estimated by the TH solution (as stated above, the currents in the TH are accurate enough for current estimation) or by an analytical method. The main body of the procedure contains three periods. The aim of Period 1 is to reduce the stator and rotor electromagnetic time constants. In Periods 1 and 2, the winding harmonics are considered but the stator and rotor slot effects are not fully considered. Because that in locked rotor status the rotor resistance is modified only based on the fundamental behavior from the classic equivalent circuit. Actually, there are also equivalent circuits in consideration of high frequency harmonics, see [31] . In that case, the rotor resistance has to be modified accordingly. Period 3 is designed to take all the harmonic behaviors into account.
III. APPLICATIONS OF THE PROPOSED APPROACH
Two simulation cases are presented to verify the proposed approach. One is a 660 V, 2-pole, 2 MW, 12000 r/min high-speed solid-rotor IM presented in the Introduction with long electromagnetic time constants. The other one is a 400 V, 4-pole, 5 kW, 1467 r/min squirrel-cage IM with relatively short electromagnetic time constants, which is described in detail in [32] . These two models are regarded as typical cases with different rotor topologies and analyzed in detail because they include situations with relatively strong and weak rotor eddy-current effects. Moreover, all the initial currents are obtained by TH solutions for these two cases as shown in Fig. 5 . The error effects of the initial currents are also discussed in this section. Fig. 6 shows the torque curve of the high-speed solid-rotor IM (Delta connection) by the proposed approach (initial line currents are 2716 A by the TH solution). In Fig. 6(a) , it can be seen that the machine reaches the steady state (1715.10 Nm) at 0.2155 s (4310 steps, 13 h). The simulation time reduces significantly compared with the traditional TM simulation and it is 34% of the original one. The detailed torque curve in Fig. 6(a) indicates that the whole system (after 0.02 s) is a critically damped system, which means that the system is capable of achieving the steady state within the shortest time. Besides, this figure also shows that if some errors are acceptable, the machine reaches the steady state even much faster. The steady states are achieved at 0.0855 s (1710 steps, 5.1 h) with 5 Nm error (0.3% error) and 0.0635 s (1270 steps, 3.8 h) with 10 Nm error (0.6% error). A comparison of the steady-state machine performance between the traditional and proposed approaches is depicted in Table 2 . The data in the table demonstrate that the simulation conducted by applying the proposed approach is accurate enough, and the machine performances estimated by the proposed approach are almost the same as those estimated by the traditional fully transient one.
A. SIMULATION OF THE HIGH-SPEED SOLID-ROTOR IM BY THE PROPOSED APPROACH
In Fig. 6(b) , the current source is switched to the voltage source at 0.00815 s (this switching time is discussed in detail in the following paragraphs) and the locked rotor is switched to the rotating rotor at 0.015 s (any time after switching to the voltage source and here 0.015 s is selected for a better understanding of Period 2 because Period 2 now is long enough). It can be seen that in Periods 1 and 2 from 0 s to 0.015 s the torque curve is very smooth because the rotor is fixed and the slot harmonics are not fully modelled. In Period 3 starting from 0.015 s, the inherent torque ripple appears because of the slotting effects. The three-phase voltage sources are switched simultaneously at 0.00815 s. The time instant 0.00815 s is chosen as the switching time because the phase U voltage is reaching the maximum at 0.00815 s. It is easier to calculate the phase angle for the voltage source of phase U in the next time step, when the voltage reaches the maximum. In addition, because there is always some error, the error is the smallest for phase U when it reaches the maximum (the differential is the minimum). Consequently, the three-phase line voltage equations can be written as
where t is time; t s is the time when the current source is switched to the voltage source; U C,U , U C,V and U C,W are the voltages of the three-phase current sources, respectively obtained by FEA; H is the Heaviside step function; ∆t is the time step (5×10 −5 s); U V,U , U V,V and U V,W are the voltages of the three-phase voltage sources, and they can be estimated at any time by the analytical method as
where V V,U , V V,V and V V,W are the amplitudes of the three-phase voltages; ϕ 0 is the initial phase and it is 0 when the phase U voltage reaches the maximum at t s . According to (3) and (4), a special circuit in Altair Flux is built to switch the current sources to voltage sources at t s . The circuit is shown in Fig. 7 . It can be seen in this figure that two sets of excitations in parallel containing current sources and voltage sources are used to excite the machine. Switches (resistors are embedded) are utilized to control which circuit is on or off. To be more specific, the current circuit is on before t s and off after t s . Concurrently, the states are the opposite for the voltage circuit. Another critical thing for the excitation switching is to acquire the right time t s . Typically, there are two possible ways for this, the implementation varying from software to software. One method is to make a program for the corresponding logic in (3) to get t s automatically, which is very suitable for open source softwares. However, for some commercial softwares, sometimes it is not very convenient to make a program or script as the codes are embedded in the packages. In that case, it is recommended to run the simulation for a short while (two or three electrical periods) to find the needed t s manually. is an infinite resistor) and after 0.00815 s, the voltage depicts the voltage value of the voltage source. It can be seen that the current source is switched to voltage source successfully without any obvious ripple, and therefore, there is no extra transient during Period 2 in the torque curve in Fig. 6(b) . The three-phase line current curves during the transient from 0 to 0.014 s by the proposed approach are shown in Fig. 8(b) . It can be seen in the figure that the line currents reach the steady state at the very beginning and there is no obvious oscillation when the excitation sources are changed at 0.00815 s. All these phenomena indicate that the machine is capable of achieving the steady state in a short time period.
The simulation results show that the proposed approach is very suitable for an IM with very long stator and rotor electromagnetic time constants. The simulation time for reaching accurate steady state decreases from 38 h to 13 h. If some minor error is acceptable, the time can be further reduced (e.g. 3.8 h for 0.6% error, 10% simulation time of the initial solution).
B. SIMULATION OF THE SQUIRREL-CAGE IM BY THE PROPOSED METHOD
A 400 V, 4-pole, 5 kW, 1467 r/min squirrel-cage IM (Star connection) is also simulated in this paper to verify the proposed method. The time step in the simulation is 0.0002 s (1/100th of one electrical period). The excitation is switched at 0.0328 s when the phase U line voltage reaches the maximum and the rotor starts to rotate at 0.045 s. Fig. 9 shows the detailed average torque curves acquired by the traditional and proposed approaches. The machine reaches the steady state at 0.2336 s (1168 steps, 2.5 h) and 0.1686 s (843 steps, 1.8 h) for these two cases. Compared to the solid-rotor IM simulation, this squirrel-cage IM simulation is much faster, because the stator winding resistance is relatively large as described in [32] , which results in a small stator electromagnetic time constant. The proposed approach is still efficient and the simulation time is reduced by 30% (1.8 h physical time with 0.0002 s time step in FEA).
The same logic of switching the excitations are also utilized in the simulation. The three-phase voltage curves in Fig. 10(a) show that there are some errors, especially for phase U, when the excitations are switched at 0.0328 s. The corresponding currents are illustrated in Fig. 10(b) . The current curves show that the voltage errors do not cause any extra significant current oscillations. The reason is that the electrical machine itself contains some resistance and inductance components described from the classic equivalent circuit model, which means that the machine is partly like a filter and capable of filtering the small extra voltage errors. However, some current harmonics appear after 0.045 s because of the slot effects caused by the rotating rotor, as at that time the rotor is switched from the locked state to the rotating state.
All the simulation results indicate that the proposed method is also suitable for squirrel-cage IMs. Even though the simulation by the traditional solution is already very fast, the proposed approach is still capable of further reducing the simulation time.
C. ERROR EFFECTS OF THE INITIAL CURRENTS ON THE SIMULATION TIME
As mentioned in Section III-A, the initial currents for the current sources of the high-speed solid-rotor IM are 2716 A obtained by the TH solution, which is very close to 2717 A VOLUME 7, 2019 given by the TM solution. However, in some cases the TH solution may not provide very accurate initial currents, or analytical methods have to be used to determine the initial currents. In this situation, an error in the initial currents may affect the simulation speed of the proposed approach. Fig. 11(a) shows the phase U line voltage as a function of time in the neighborhood of 0.00815 s with different initial currents varying from −10% error to +10% error with respect to the normal value. It can be seen that a large initial current difference can cause a large voltage difference when the excitation is switched at 0.00815 s, which causes a longer numerical transient in the simulation. Moreover, all the rotors start to rotate at 0.015 s, which is exact the same as in the case illustrated in Fig. 6 . The torque curves with different initial currents in Fig. 11(b) show that the model reaches the steady state faster with a smaller error. In addition, even though the initial currents have a big error (e.g. ±10%), the machine is still capable of reaching the steady state faster (at about 0.48 s) by using the proposed method than the traditional transient solution (0.6339 s). The reason is that an initial condition close to the final steady state has already been created by the initial current excitation regardless of some errors. Consequently, this initial condition makes the transient faster to fully reach the steady state compared with the traditional full transient simulation. 
IV. CONCLUSION
To shorten the time taken by the numerical transient during the time-stepping FEA of an IM in the TM solution, a novel approach is proposed based on reducing the stator and rotor electromagnetic time constant, separately. The stator current source excitation is used to eliminate the stator time constant and the locked rotor is used to reduce the rotor time constant at the beginning of the simulation. After that, the current source excitation is switched to a corresponding voltage source excitation and the locked rotor is turned to the rotating state. Consequently, the steady state can be achieved in a short time. Two typical cases (a high-speed solid-rotor IM with long electromagnetic time constants and a squirrel-cage IM with small electromagnetic time constants) are analyzed in detail.
The results show that the proposed approach is useful in both cases. The simulation time of the proposed simulation approach is 34% (the solid-rotor IM) and 70% (the squirrel-cage IM) of the initial simulation time, which indicates that the proposed method is more efficient for the solid-rotor IM with a long rotor electromagnetic time constant. The shorter simulation time also suggests that if some error (e.g. 0.6%) is acceptable in the solid-rotor IM simulation, the transient can be further reduced (e.g. 0.6% error results in 10% simulation time of the initial solution). Finally, error effects of the initial currents on the simulation time are also investigated. The results show that even with relatively large errors of ±10%, the simulation time by the proposed time is still shorter (about 25% faster) than the traditional full transient simulation. The proposed approach has the potential to be further improved and developed for other applications. For example, it can be modified to simulate the IM with a constant torque load instead of an imposed speed. Moreover, it may also be used to achieve the steady state fast for other cases when eddy-current effects are involved, for instance, in the analysis of magnet eddy-current losses in PMSMs.
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